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ABSTRACT

Three sea anemone species (Anthopleura elegantissima, A. xanthogrammica,
and Metridium senile) were used to examine allometric and energetic properties

of body size in passive suspension feeders. Photographs of expanded anemones in

the field showed that projected feeding surface area (tentacle crown) as a function

of body size increased at, or less than, the rate expected for a geometric solid (0.45-

0.73 power or weight). Energetic cost, measured as weight loss, was found to relate

differently to body size for each of the three species (0.77-1.08 power of weight).

Number of prey captured was closely related to the feeding surface area in all

three species (0.36-0.7 power of weight). The exponent for prey biomass capture

as a function of body weight was greater than that for energetic cost in A. xan-

thogrammica, (1.65 power of weight), but not for the other two species (0.33-0.54

power of weight). Prey size increased with predator size only in A. xanthogrammica

(up to 10-cm anemone diameter), accounting for the higher increase in biomass

capture. Numbers of prey captured by A. xanthogrammica continued to follow a

surface-area function. Once the largest size classes of prey can be captured, further

energy intake is probably directly related to feeding surface.

INTRODUCTION

As animals grow, their various appendages, organs, and physiological processes

change at different rates (Thompson, 1917; Kleiber, 1932; Gould, 1966; Alexander,

1971; Schmidt-Nielsen, 1974). Few organisms grow as geometric solids, where all

dimensions increase such that outward form remains the same (isometric growth).
For example, feeding structures and absorptive surfaces can become convoluted or

amplified, thus increasing their surface to volume ratio (Thompson, 1917; Gould,

1966). Energy balance, as intake minus cost, is determined in part by these geo-
metric relationships.

Metabolic cost (as oxygen consumption) usually increases as a 0.60-1.0 power
of weight, averaging 0.8 for marine invertebrates (Kleiber, 1932; Zeuthen, 1948a,

1953; Reichle, 1967; Vahl, 1972, 1973; McMahon, 1973; Jones, 1976; Bayne el

al., 1976; Newell et al. 1977). If energy intake increases as a lesser power of weight

(e.g., a surface area function) than does cost, the difference between the two (scope
for growth, Warren and Davis, 1967; Vahl 1972, 1973; Kitchell et al., 1977, 1978)
rises to some maximum and then decreases (Sebens, 1977a, 1979, in press). Ces-

sation of growth at this maximum point subsequently generates the greatest possible

energy for reproduction. If energy intake increases as a greater power of weight
than does energetic cost, there is no such obvious optimum individual size. However,
allocation of all or most energy to reproduction may still cause individual size to

asymptote.
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The relationship between energy intake, metabolic cost, and body size has been

investigated in several actively filtering mollusks (Winter, 1969, 1973, 1978;

McLusky, 1973; Vahl, 1972, 1973; Jrirgenson, 1975; Bayne et al., 1976; Newell
et al., 1977; Griffiths and King, 1979; Widdows, 1978; Thompson and Bayne, 1979)
and ascidians (RandlcW and Riisgard, 1979). Such relationships have not been

investigated for any passive suspension feeder (e.g. corals, sea anemones, certain

polychaetes, echinoderms, or gooseneck barnacles).
The present study quantifies feeding surface, prey intake, and energetic cost

for three sea anemone species with different morphologies and habitat distributions:

Anthopleura elegantissima (Brandt), Anthopleura xanthogrammica (Brandt), and
Metridium senile (L.). The results are used to examine the control of body size

as it relates to the species' habitat conditions. Some of the data on weight loss and

prey capture in A. xanthogrammica have also been used to illustrate a more ex-

tensive general model of optimal body size for invertebrates with indeterminate

growth (Sebens, in press) and are included here for comparison with the other two

species.

MATERIALSANDMETHODS

The anemone species

Anthopleura elegantissima is the most common intertidal sea anemone along
the west coast of North America. It divides (longitudinal fission) to form clonal

aggregations, sometimes with thousands of individuals (<l-6 cm diameter) (Hand,
1955a; Ford, 1964; Francis, 1973a, b, 1976, 1979; Sebens, 1977a, 1980; Jennison,

1979). Its prey include zooplankton, invertebrate larvae, and intertidal invertebrates

(Sebens, 1977a). Anthopleura xanthogrammica is much larger (to at least 25 cm
diameter intertidally), extends several meters into the subtidal in areas with ex-

tensive mussel beds, and never reproduces by fission (Hand, 1955a; Dayton, 1973;

Sebens, 1977a, in press). It preys on mussels, sea urchins, barnacles, and other

intertidal invertebrates (Dayton, 1973; Sebens, in press). Both Anthopleura species
also harbor symbiotic algae (zooxanthellae and/or zoochlorellae) (Hand, 1955a).

Metridium senile is a primarily subtidal species forming large aggregations of

individuals (to at least 18 cm basal diameter, 70 cm height) and sometimes re-

producing by pedal laceration, especially in the low intertidal (Hand, 1955b; Hoff-

man, 1977; Purcell, 1977a; Shick and Hoffman, 1980). M. senile' s large crown of

numerous small tentacles is held away from the substratum in areas of appreciable

current, so that water flows along the upper column, through the aboral side of the

fluted oral disc, and across the tentacles (Koehl, 1976, 1977; Robbins and Shick,

1980) (Fig. 1 ). These anemones prey on zooplankton and invertebrate larvae (Pur-

cell, 1977b; Sebens, 1977a).

Feeding surface area

Projected surface of the tentacle crown and total surface area of all tentacles

were measured on a full size range of all three species. Anemones were photo-

graphed laterally and vertically in the field, while tentacles were fully expanded
(A. xanthogrammica, A. elegantissima at Tatoosh Island, Washington, and M.
senile at Harper, Washington). The projected surface of the tentacle crown de-

scribed by the expanded tentacle tips was calculated as Trr
2

.

To calculate total surface area of all tentacles, tentacles of A. xanthogrammica
and A. elegantissima were counted, and five were selected at random and measured
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FIGURE. 1. Clonal aggregations of Anthopleura elegantissima (left) above /4. xanthogrammica

(middle) on a rock surface and Metridium senile (right) on a subtidal rock wall (positioned next to the

others for comparison).

(tentacle length and width at mid-length). The surface of each tentacle was cal-

culated as that of a cylinder, since much of the taper occurs near the tip in M.
senile and A. elegantissima. A cone could have been used, but the difference

between the two methods was less than 5%. Total tentacle surface was calculated

as the number of tentacles multiplied by the mean surface area of the five single

tentacles.

The tentacles of M. senile were too small and numerous to count from pho-

tographs. Individuals were measured in the field (basal diameter), collected, relaxed

in 1.5% MgCl 2 (1:1 in sea water), and frozen. Depending on its size, the tentacle

crown was subdivided into 4, 8, 16, or 64 parts, and three samples were chosen for

tentacle counts. Tentacle number was calculated as the mean ( standard devia-

tion) of the three samples (multiplied by the number of tentacle crown subdivisions)

and tentacle surface as the number of tentacles multiplied by the surface area of

a single tentacle. Correlations and principal axes were determined on double log-



SEA ANEMONEENERGETICS 155

arithmic transforms of the data to estimate the relationship as a power function

of individual weight (Sokal and Rohlf, 1969).
Ash-free dry weight was calculated for 38 specimens of A. elegantissima, 16

of A. xanthogrammica, and 36 of M. senile, collected March 1976 on Tatoosh

Island (A. xanthogrammica and A. elegantissima} and May 1976 at Harper (M.

senile), of a full size range for that site and date. Attached-pedal-disc diameter

was measured. The anemones were strung in order on monofilament line, and were

brought alive to Seattle, where they were frozen at -20C. They were later cleaned

of adhering material, dried to a constant weight (less than 0.2% weight change per

day) at 78C (T = 28 days) to give total dry weight. They then were combusted
at 500C for 10 h to give ashed weight and ash-free dry weight. Principal axes

were determined from double logarithmic transforms of pedal disc diameter versus

ash-free dry weight.

Energetic cost

Anemone oxygen consumption depends on size, activity, state of expansion or

contraction, illumination, temperature, and oxygen tension (Brafield and Chapman,
1965; Beattie, 1971; Sassaman and Mangum, 1973, 1974; Snick and Brown, 1977;

Shick et ai, 1979; Robbins and Shick, 1980). Estimating metabolic cost as a

function of body size using oxygen consumption requires numerous trials with

anemones of known activity and history. Metabolic cost can also be estimated as

weight loss per unit of original weight during starvation (Zeuthen, 1948b), thus

averaging cost over a long time period, several activity levels, and periods of ex-

pansion or contraction. This method assumes that catabolic costs are approximately

equal to, or less than, anabolic costs. Anemones spend much of their time without

prey in the coelenteron (this study) and catabolic costs are likely to be applicable
most of the time.

For the present study, 1 3 specimens of each species were marked with a pattern
of small dye spots around their bases (Sebens, 1 976) so that they could be identified

in large aquaria. Three days later, they were weighed in sea water on a torsion

balance (reduced weight method, W
r ) (Holter and Zeuthen 1948, Zeuthen 1948b,

Muscatine 1961), and placed in aquaria at 10C (approximately 8 h light, 50-70
microeinsteins m~2

sec"
'

) with aerated seawater filtered to remove particles greater
than 20 ^m. They were weighed again at 28 and 56 days (with sea water from the

same batch used in the first weighing). Excess water was always removed from

anemones before weighing by squeezing them gently to cause full contraction. Air

bubbles were not allowed to enter the coelenteron or adhere to the surface of the

anemones during weighing. Weight loss per individual per 28 days (N = 26 esti-

mates) was compared to initial weight. Double logarithmic transforms of the data

were used to plot regression lines and to estimate cost (tissue metabolized) as a

power function of weight.

Prey capture

Capture rates and the relationship of such rates to individual size depend upon

prey size, current or wave velocity, and a host of other factors that make laboratory
measurements of limited usefulness. Therefore, prey capture success as a function

of individual size was investigated in the field by sampling and by experimental

prey release.

One thousand small mussels (3.0 0.5 cm length) collected on Tatoosh Island
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(March 1976) were marked with short file grooves across the valve closure, frozen,

then distributed haphazardly back into the mussel bed at low tide a few meters

above populations of A. xanthogrammica. Wave action during the next high tide

washed these unattached mussels out of the bed, and many were captured by
anemones. At the next low tide, anemones were sampled by probing their coelen-

terons, removing any contents, and checking mussels for file marks. One hundred

anemones (3 cm or greater basal diameter) were examined at each of the two sites,

and prey capture per individual anemone in each size class (every 2 cm diameter)

was calculated.

Naturally captured prey of A. xanthogrammica were sampled by coelenteron

probing over the period September 1974 to October 1977 at three population mon-

itoring areas on Tatoosh Island (Sebens, 1977a). All items (>1 mmlength) (usually

wrapped in a mucous bolus surrounded by mesenterial filaments) were removed,

measured, and identified. Several individuals were also examined for the presence

of microscopic zooplankters (coelenteron sampled with a large syringe). Few were

encountered and their total mass was insignificant compared to that of the macro-

invertebrates. The results were plotted as dry weight of mussel tissue (from Fox

and Coe, 1943) versus anemone weight for each anemone size class (mussels con-

stituted more than 78% of the diet by weight).

Since A. elegantissima normally captures much smaller prey (zooplankton and

small intertidal invertebrates), it was fed frozen adult brine shrimp (0.5 cm body

length) which were of the appropriate size and were easily identified in coelenteron

contents, as they were different from naturally occurring prey. Five pounds of

frozen shrimp (purchased at a local aquarium supply store) were thawed in 5-gal

buckets of sea water and dumped into the mouth of a surge channel at Shi Shi

Beach, Washington (May 1976) in three pulses 5 min apart. Wave action dispersed

the shrimp throughout the channel. After 30 min, anemones of a full size range
were collected about 5 m landward from the mouth of the channel. The animals

were placed in separate vials and fixed with 7% buffered formalin in sea water.

Later, they were transferred to petri dishes, slit lengthwise to open the coelenteron,

and all mesenterial filaments, coelenteron contents (food bolus), and many of the

mesenteries were scraped into the dish. The contents of the petri dish and of the

original vial (in case anemones egested prey) were systematically searched under

a dissecting microscope. All brine shrimp, shrimp pieces, and naturally occurring

prey were counted and measured with an ocular micrometer.

Scraping removed all coelenteron contents, and floating the fixed contents in

a petri dish with about 2 mmwater depth made prey items easy to identify and

measure. This method is probably more accurately quantitative that the suction

and filtration method for removing prey from corals (Porter, 1974) or zoanthids

(Sebens, 1977b), because all prey and tissue to which prey might adhere were

removed.

Prey items included planktonic larvae (barnacle cyprids), copepods, and various

intertidal crustaceans, small bivalves, and barnacles. For comparative purposes,

prey wet weight per individual anemone was calculated. Prey density was assumed
to be close to that of sea water (0.00102 g/mm

3

, Pickard, 1975) and prey volume
was approximated as a cyprid-shaped geometrical solid (two cones with bases at-

tached):

Volume (mm3

)
== 7rL

3

/192

Wet weight (g)
= volume (mm3

)-0.00102 (g/mm
3

)
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where L is prey item length in mm, and irL
3

/\92 is the volume of two cones with

base diameter half their height. This comparative method of weight estimation

considers both size and number of prey items in case prey size changes with preda-
tor size.

Metridium senile preys primarily on zooplankton. At Harper 10 Ibs of frozen

adult brine shrimp were thawed in two 5-gal buckets with lids. Divers using SCUBA
gear took the buckets 2-3 m deep and released the shrimp in two pulses approx-

imately 10 min apart 5 m up-current from an area (2-3 m depth) covered with

M. senile specimens to 40 cm tall. After 20 min, 107 anemones were collected by
two divers, basal diameters were measured, and the anemones were placed in in-

dividually marked vials or plastic bags. On shore, anemones were fixed in 7%
buffered formalin in sea water (also injected into the coelenteron). Coelenteron

contents were sampled and quantified as described for A. elegantissima.

Large solitary A. elegantissima anemones from Southern California (Arroyo
Hondo) were examined for prey during May 1975. These anemones reach basal

diameters to 16 cm and do not form clonal aggregations (Hand, 1955a; Sebens,

1977a; Francis, 1979).

Statistics

All statistical tests, regression analysis (with coefficient of determination; R2

),

Pearson's product-moment correlation (with correlation coefficient, R) and prin-

cipal axis determinations were calculated as described by Sokal and Rohlf (1969).
All power functions were determined from double logarithmic plots of the data and
95% confidence intervals for the slope of the regression or principal axis were
calculated. These are also the confidence limits for the exponent in the power
function and they are given with each graph of the data.

RESULTS

Feeding surface area

Ash free dry weight to basal diameter correlations (principal axis) were as

follows:

A. elegantissima Wd
= 0.0188 D3 2 R = 0.96 N = 38

A. xanthogrammica Wd
== 0.0346 D267 R == 0.94 N == 16

M. senile Wd
== 0.0073 D278 R == 0.88 N == 36

where Wd is ash-free dry weight (g), D is diameter (cm), N is number of individuals,

and R is the correlation coefficient.

As they became larger, Anthopleura xanthogrammica and A. elegantissima

produced new tentacles (to 6 cycles) in a hexamerous arrangement. The maximum
number was reached rather quickly (A. xanthogrammmica, 218 42 (SD), N
=

17; A. elegantissima, 119 17 (SD), N =
18, Fig. 2). Above that size, tentacle

length and width increased so that tentacle surface continued to increase without

an increase in tentacle number. For A. xanthogrammica, tentacle surface area

increased as the 0.87 power of individual weight (N =
19, R =

0.95) and for A.

elegantissima as the 0.54 power (N =
17, R = 0.89) (Fig. 3). The difference ap-

peared to depend on tentacle growth in length and width, which is proportionally

greater in A. xanthogrammica. For M. Senile, however, tentacle number (N,)
increased as the 0.84 power of weight (N =

19, R = 0.99) (Fig. 2) as did tentacle
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FIGURE 2. Number of tentacles as a function of individual ash-free dry weight (grams). Bars

: one standard deviation (SD) for three measurements.

A. A. xanthogrammica (N, = 218 tentacles 42 (SD), N == 15)

B. A. elegantissima (N, = 119 tentacles 17 (SD), N = 19)

C. M. senile (N, = 2673 Wd
084

, R = 0.99, N = 19, P < 0.001). The 95% confidence limits for the

exponent of Wd are 0.77 and 0.91 .

surface (Fig. 3). Tentacle size was similar for M. senile of a range of sizes (6.0

1.0 mmtentacle length, 0.8 0.1 mmwidth).

Projected oral surface of A. xanthogrammica increased as the 0.74 power of

weight (N =
17, R = 0.98), of A. elegantissima as the 0.43 power of weight (N

-- 17, R == 0.93) and of M. senile as the 0.72 power of weight (N = 42, R = 0.93).

Although two of the values are close to a geometric surface area (0.67) relationship,

that for A. elegantissima falls well below it (Fig. 3). Slower increase of A. ele-

gantissima' s tentacle length probably accounts for this difference.

Energetic cost

Weight loss as a function of initial weight increased as a higher power of weight

than did projected oral surface area in each species. Cost increased as the 1.08
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FIGURE 3. Projected oral surface of tentacle crown (Sm ) and surface area of tentacles (S,). Principal
axis lines and correlation coefficients (R, all significant at P < 0.001 ) determined from double logarithmic
transforms. Numbers in parentheses are 95% confidence limits for the exponent of Wd .

A. A. xanthogrammica. Sm = 13.9 Wd
074

, (0.67, 0.81 ), N =
17, R = 0.98

S t

= 41 Wd
087

, (0.73, 1.03), N = 15, R = 0.95.

B. A. elegantissima, Sm = 15.6 Wd
043

, (0.35, 0.51), N = 17, R = 0.93

S,
= 58 Wd

054
, (0.42, 0.68), N =

17, R = 0.89.

C. M. senile, Sm = 119 Wd
072

, (0.68, 0.76), N = 42, R = 0.98

S,
= 353 Wd

084
, (0.77, 0.91), N = 19, R = 0.99.

power of weight for A. xanthogrammica (N = 21, R2 =
0.96), as the 0.77 power

of weight for A. elegantissima (N =
1 9, R2 = 0.92), and as the 0.80 power of weight

for M. senile (N =
24, R2 = 0.90) (Fig. 4). These results agree well with values

reported for other invertebrates and for fish (Kleiber, 1932; Zeuthen, 1948a, 1953;

Jones, 1976). The exponent was also very close to that reported for oxygen con-

sumption in A. elegantissima (Shick et al., 1979).

Prey capture

A. xanthogrammica and A. elegantissima captured experimentally released
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FIGURE 4. Weight loss at 10C (change in reduced weight AW(g)) over 28 days, as a function

of original weight (Wr (g)). Regression lines and coefficients of determination (R
2

) were calculated from

double logarithmic transforms. Numbers in parentheses are 95% confidence limits for the exponent of

Wr .

A. A. xanthogrammica, AW= 0.123 W
r

' 8
, (0.99, 1.17), N = 27, R- = 0.96

B. A. elegant issima, AW= 0.105 W
r

077
, (0.69, 0.84), N = 19, R2 = 0.92

C. M. senile. AW= 0.170 Wr

080
, (0.72, 0.87), N = 24, R2 = 0.90

prey in large quantities (171 items per 200 anemones, and 29 items per 1 12 ane-

mones, respectively). M. senile, however, captured only 16 items per 107 anemones.

Coelenteron-content analysis showed that the experimental prey items of A. xan-

thogrammica (Table I) and A. elegantissima (Table II) were well within the size

range of naturally occurring prey but that the adult brine shrimp were much larger

than natural M. senile prey (5 mmvs. 1.5 mmmean length) (Table III).

Prey capture by A. xanthogrammica was proportional to the 0.67 power of

weight, by A. elegantissima to the 0.36 power of weight, and by M. senile to the

0.71 power of weight. To compare capture rates, I assumed that naturally occurring

prey in the coelenteron contents represented the same feeding period for all anemone

sizes. This seems likely because, given the digestive machinery of sea anemones

(prey are wrapped in mesenterial filaments which secrete enzymes onto the prey

and engulf particles of material into the digestive endodermal layer), large and

small anemones probably digest the same prey item in equal time. Number of

naturally occurring prey captured by A. xanthogrammica (prey -individual"
1

-feed-

ing period ') was proportional to the 0.73 power of weight (Fig. 5). For A. ele-

gantissima it was proportional to the 0.18 power and for M. senile it was propor-

tional to the 0.59 power. However, natural prey capture in this species increased

with size over the first six size classes (as the 1.19 power of weight; R2 = 0.94) and

decreased significantly over the last five size classes (as the -1.65 power of weight,

R2 =
0.96). Large and small individuals were intermingled but probably not so

crowded as to interfere with each other's prey capture. Collections were made

during moderate current velocity (< 10 cm/sec), and large individuals may do better

in higher velocities. The large number of prey in coelenterons (538 prey in 107

anemones) indicated that this was a real phenomenon on that particular day. In

addition, Bucklin and Hedgecock (in press) have shown that there is a third Me-
tridium species on the Washington Coast. It may be that the smallest individuals

in this study are of the clonal species (M. senile} while the majority belong to the

large, typically subtidal, nonclonal species (as yet undescribed).

Natural prey in coelenteron contents, transformed to relative prey weight per

individual (grams/individual) indicates the effect of changing prey size on intake

rate. Natural prey weight was proportional to anemone weight to the 1.65 power



SEA ANEMONEENERGETICS 161

TABLL I

Anthopleura elegantissima prey items (>50 nm length) from coelenteron samples, Shi Shi Beach,

Washington. 1976 (112 anemones. 1 1 3 prey items).

Prey items
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TABLE II

Anthopleura xanthogrammica prey items (>1 mmlength) from coelenteron samples, Tatoosh Island,

Washington, 1974-1975 (481 anemones, 177 prey).

Prey
No. length %of

Prey items items (cm) items

Mussels:

(Mytilus californianus) with

some M. edulis) 122 0.8-10.0 68.9

Barnacles:

(Balanus cariosus. B. glandula) 24 0.8-3.0 13.6

Barnacle molts: 18 0.8-1.4 10.1

Decapods:
Petrolisthes sp. 4 1.0-3.0 2.3

Gastropods:
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FIGURE 5. Numbers of experimental and natural prey captured in the field. Regression lines and
coefficients of determination (R

2

) calculated from double logarithmic transforms. Numbers in paren-
theses are 95% confidence limits for the exponent of Wd .

A. Anthopleura xanthogrammica. number of prey captured per individual (N c experimental (E),
N

p
natural (N)) versus mean dry weight of each anemone size class (Wd grams).

Ne
= 0.1 1 Wd

067
, (0.47, 0.88), N = 200 anemones, 7 size classes, 171 prey, R2 = 0.93

N
p

= 0.0095 Wd
073

, (0.40, 1.06), (N = 481 anemones, 10 size classes, 177 prey), R2 = 0.77

B. Anthopleura elegantissima. number of prey captured per individual versus mean dry weight of

each size class.

Ne
= 1.24 Wd

016
, (-0.06, 0.42), (N = 112 anemones, 8 size classes, 29 prey), R2 = 0.95

N
p

= 1.57 Wd
018

, (0.24, 0.48), (N = 112 anemones, 8 size classes, 113 prey), R2 = 0.35

C. Metridium senile, number of prey captured per individual versus mean dry weight of each size

class.

Ne
= 1.17 Wd

070
, (0.23, 1.19), (N = 107 anemones, 7 size classes, 16 prey), R 2 = 0.74

N
p

= 9.97 Wd
59

, (0.07, 1 . 1 1 ), (N =
1 07 anemones, 1 size classes, 538 prey), R2 = 0.46

For the first six size classes, N
p

= 61.688 Wd
" 9

, (0.79, 1.59), R2 = 0.94

For the last five size classes, N
p

= 0.0094 Wd
-' 65

, (-2.23, -1.06), R2 = 0.96

five prey for each size class of A. xanthogrammica up to 10 cm diameter (prey

length (cm) = 0.97 anemone diameter -

2.3, R2 =
0.85, N = 30) shows that

maximum prey size increases with A. xanthogrammica diameter up to about 10

cm basal diameter (Fig. 7). Through this range, the largest prey taken are ap-

proximately equal in length to basal diameter of the anemone.

Figure 8 shows prey size distributions for all three species and for large solitary
A. elegantissima (^6 cm diameter). The large solitary A. elegantissima preys on
items (mostly mussels) larger than do the small clonal individuals. Mussels con-

stitute the major part of A. xanthogrammica' s diet (Table I) and the size distri-

bution of mussels captured is quite comparable to the size distribution of mussels
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FIGURE 6. Weight of naturally occurring prey (Wp ) in coelenteron contents plotted against mean
individual dry weight (Wd , grams) for each size class of anemone. Regression lines and coefficients of

determination (R
2

) calculated from double logarithmic transforms. Numbers in parentheses are 95%
confidence limits for the exponent of Wd .

A. A. xanthogrammica. W
p

is dry weight (g) of mussel tissue W
p

= 0.00032 Wd
165

, (1.20, 2.09),

(N = 481 anemones, 10 size classes, 177 prey) R2 = 0.90

B. A. elegantissima, W
p

is wet weight (mg) of prey calculated from volume estimates, W
p

=4.14
W0.33

, (-0.05, 0.71) (N == 112 anemones, 8 size classes, 113 prey) R2 = 0.42

C. M. senile, W
p

is wet weight (mg) of prey calculated from volume estimates, W
p

= 0.469 Wd
0.54

(-0.09, 1.16) (N == 107 anemones, 10 size classes, 538 prey) R2 = 0.86

For the first seven size classes, W
p

= 2.66 Wd
' 16

, (0.66, 1.66), R2 = 0.88

For the last four size classes, W
p

= 0.109 Wd

' 256
, (-4.30, -0.84), R2 = 0.95

in beds adjacent to the anemones on Tatoosh Island (mussel sizes from T. Suchanek,

unpublished data).

DISCUSSION

Sea anemones capture prey by three somewhat distinct methods. First, prey

suspended in the water column, usually zooplankton, are intercepted by one or

more tentacles and the tentacles transfer prey to the mouth (Sebens, 1976; Purcell,

1977a). Second, sessile prey dislodged by wave action or by foraging predators are

washed into the tentacle crown (Dayton, 1973; Sebens and Paine, 1978). Third,
motile prey blunder into the anemone's tentacles. Sea urchins (Dayton, 1973; Day-
ton et al., 1974; Sebens, 1976), crabs (Sebens and Laakso, 1977), and fishes (Sebens
and Laakso, 1977; Hamner and Dunn, 1980) are captured in this third manner.
Turbid or turbulent water conditions may facilitate this type of capture. When
large prey are captured, the entire oral disc closes around the prey, and the marginal

sphincter muscle contracts trapping the prey while it is being engulfed by
the mouth.

Metridium senile feeds only by the first method. Its fluted oral disc and ex-

tensible column allow it to position the tentacle crown near or far from the sub-

stratum, adjusting the current velocity experienced (Koehl, 1976, 1977). Robbins
and Shick (1980) showed that M. senile capture more prey as current velocity
increases but that there is an upper level of velocity where large individuals collapse
and probably cannot feed.

Anthopleura elegantissima feeds by at least the first two methods, since both

zooplankton and sessile invertebrate prey occur in coelenteron contents. Single
tentacles capture zooplankton and transfer them to the mouth. Oral disc closure

is used for larger prey.
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FIGURE 7. Lengths of naturally occurring prey items in anemone coelenteron contents; by basal

diameter (D).
A. A. xanthogrammica, R = 0.44, P < 0.01, N = 481 anemones, 122 prey items).

B. A. elegantissima, R = 0.09, P > 0.05 (N =
1 12 anemones, 1 13 prey).

C. M. senile, R = 0.08, P > 0.05 (N = 107 anemones, 538 prey). Large numbered dots represent
that number of overlapping points.
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FIGURE 8. Size distribution of prey in coelenteron content samples. Mussels captured by A. xan-

thogrammica (mean length (L) = 5.1 2.2 cm SD, N = 481 anemones, 122 prey), mussels_
in the

adjacent mussel bed (L = 4.6 2.9 cm SD, N = 316 mussels), total prey items captured (L = 4.3

2.3 cm SD, N = 481 anemones, 177 prey), prey captured by large solitary A. elegantissima in

California (L = 4.6 2.6 cm SD, N = 330 anemones, 136 prey, L = 5.4 2.5 cm SD for mussel prey

only, N = 99 prey), prey captured by clonal A. elegantissima (macroinvertebrates and zooplankters

(L = 4.5 3.4 mmSD, N =
1 12 anemones, 113 prey), M. senile prey (mostly zooplankters such as

barnacle cyprids, copepods) L = 1.5 0.4 mmSD, N = 107 anemones, 538 prey.

Anthopleura xanthogrammica captures mussels, barnacles, and other inver-

tebrates dislodged by wave action and by asteroid foraging (Dayton, 1973) as well

as crabs, gastropods, and other motile prey (Table I). Zooplankton capture by adult

A. xanthogrammica was not observed.

Probability of prey contact for the three species of sea anemones depends on

the projected surface area of the tentacle crown. The tentacles may act as filter

elements to intercept zooplankton carried by currents (M. senile, A. elegantissima}

(Rubenstein and Koehl, 1977) or as a target for intertidal prey dislodged by wave

action and by predator activity (A. xanthogrammica, A. elegantissima) (Dayton,

1973; Sebens, 1977, in press). Anemone growth is close to isometric in A. xan-
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ihogrammica and in M. senile; their feeding surface areas increase as the 0.74 and
0.72 power of weight, respectively. In A. elegantissima, feeding surface increases

more slowly, as the 0.43 power of weight. None of the three anemones amplifies
its projected surface area as it grows. M. senile, however, adds tentacles with

increasing size, such that tentacle number is a 0.84 power of weight. This allometric

increase cannot change the volume of water passing the oral disc, but may be

needed for efficient capture and retention of prey items. However, M. senile is

unable to capture and hold large invertebrates such as mussels.

Capture of prey items increased as a lesser power of weight than did energetic
cost for all three anemone species. This contrasts with some studies of actively

pumping suspension feeders (McLusky, 1973; Bayne el ai, 1976; Newell et al.,

1977, Randlriv and Riisgard, 1979; Griffiths and King, 1979) but agrees with others

(Vahl, 1972, 1973; Bayne et al., 1977). If feeding surfaces are not amplified al-

lometrically during growth, passive suspension feeders have no way to compensate
for their decreasing surface-to-volume ratio.

Benthic marine invertebrates often have habitat-dependent body size and in-

determinate growth (Paine, 1965, 1969, 1976; Ebert, 1968; Kohn, 1971; Bertness,

1977; Sebens, 1977a, in press). Maximum size appears to depend on the energetic
characteristics of a particular habitat (e.g. physiological stress and food avail-

ability). Transplanted individuals eventually reach a size near the mean for adults

in that habitat and fluctuate around that size (e.g. seastars, Paine, 1976). Such

patterns indicate that size may be set by the difference between local energy intake

and cost. The body size at which this difference is maximized will decrease as prey

availability declines, energetic cost increases, or both occur simultaneously (Sebens,

1977a, 1979, in press). It is difficult, however, to predict this optimum size directly

without data on prey capture, assimilation, and metabolic cost for individuals of

all sizes throughout the year (Sebens, in press).

Optimum body size of the three anemone species should be where the difference

between intake and cost is at a maximum (Sebens, 1977a, 1979, in press). This

difference is the energy available for gonad production summed over the entire

season. It is thus directly related to fitness (reproductive success).

The energy balance can be further complicated by changes in prey size as

predator size increases. Predators could potentially drop small prey from their diet

or add larger prey as they grow. Neither A. elegantissima nor M. senile changed
prey size as they got larger, but A. xanthogrammica did so quite dramatically.

Large specimens of A. xanthogrammica in the study area ate mainly mussels

(Mytilus californianus and M. edulis) although other intertidal invertebrates also

occurred in the diet (Table I). As they grow, A. xanthogrammica are able to

capture larger mussels. Thus prey capture (measured as weight per unit time)
increases as a greater power of body size than does metabolic cost. Once all prey
size categories can be captured, prey intake increases as does feeding surface area,

since capture depends solely on the chance that a dislodged prey item is intercepted.

Anthopleura elegantissima divides by longitudinal fission, individuals dividing
less often than once per year (Sebens, 1977a, 1980). Formation of these clonal

aggregations creates the potential for growth to continue indefinitely. If the entire

clone is considered energetically, adding new individuals by fission increases clone

feeding surface and metabolic cost linearly, as functions of biomass. There is no

optimum size for the aggregate, although there may be one for individual units

within the clone (Fig. 10) (Sebens, 1979). Clone formation is common among sea

anemones (Stephenson, 1929; Chia, 1976; Minasian, 1976; Minasian and Mariscal,
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1979; Smith and Lenhoff, 1976; Johnson and Shick, 1977; Sebens, 1977a, 1979,

1980), and probably increases feeding-surf ace-to-biomass ratios, helping to capture

relatively small prey efficiently (Sebens, 1979).

Anthopleura xanthogrammica never reproduces asexually, nor does subtidal

Metridium (possibly a new species; Bucklin and Hedgecock, in press) although
small specimens of M. senile in the low intertidal produce pedal lacerates frequently
(Hand, 1955b; Purcell, 1977a; Hoffman, 1977; Bucklin and Hedgecock, in press).

Division of A. xanthogrammica individuals would usually produce individuals too

small to use the large mussels that make up much of their diet. Large subtidal M.
senile anemones are crowded in dense conspecific assemblages where individual

height may be important to bring the tentacle crown into currents carrying zoo-

plankton. Thus, where vertical relief is competitively important, or where large size

is necessary to capture large prey, fission may be energetically disadvantageous

despite its allometric benefits.
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